Stathmin, or Oncoprotein 18 (Op18), is the founding member of a phosphoprotein family that can regulate the microtubule cytoskeleton by sequestering tubulin and promoting microtubule catastrophe [1] [2] [3] . Stathmin is subject to spatially and temporally controlled regulatory phosphorylation, which inhibits its interaction with tubulin [4] [5] [6] . Drosophila Stathmin has similar properties to the mammalian proteins [7] . We find that Drosophila Stathmin is required for specific microtubule-dependent processes: maintenance of oocyte identity within a germline cyst and localization of polarity determinants. Unexpectedly, microtubules are less abundant in stathmin mutant cells compared to normal cells, showing that a key function of Stathmin in vivo is the long-term maintenance of the microtubule cytoskeleton. The microtubule network re-forms more slowly after coldshock in stathmin mutant follicle cells. Surprisingly, stathmin mutant animals and tissues show a marked decrease in total tubulin-protein levels, and this might explain the effect on the microtubule cytoskeleton. Stathmin overexpression also increases tubulin protein. Free a-and b-tubulin have been shown to negatively autoregulate their own synthesis [8] [9] [10] . We suggest that Stathmin serves to maintain a noninhibitory, soluble, and releasable tubulin pool.
Results and Discussion
Stathmin has been associated with oncogenesis and is highly expressed in proliferating and migratory cells [3, 11] . We recently identified Drosophila stathmin as a gene that is upregulated in border cells and required for their migration [12] . To assess the role of Stathmin in controlling the microtubule cytoskeleton in vivo, we focused on a context-the female germline-where microtubules have well-studied functions. From the first determined cell, germline cells undergo four incomplete cell divisions to form 16 cell interconnected cysts in which one cell becomes the oocyte. The initial establishment of oocyte fate is dependent on the fusome, a vesicle-and microtubule-rich structure connecting the germline cells, as well as on continuous microtubules, the dynein motor protein, and other factors (reviewed in [13] ). The oocyte can be identified by specific accumulation of certain cytosolic proteins (Orb in Figure 1A ), by its entry into meiosis (synaptonemal-complex marker in Figure 1C) , and by its diploid-DNA content. In addition, the centrosomes from the cyst cells congregate in the oocyte (PLP in Figure 1E ). After the initial establishment of oocyte identity, an overlapping set of factors are needed to maintain it [13] . If oocyte fate is not established or maintained, it will take on a fate similar to that of its sister cells, thus creating a cyst of 16 nurse cells.
Most stathmin mutant germline clusters analyzed at mid and late stages of oogenesis had 16 nurse cells and no oocyte ( Figure 1H ). The phenotypes discussed below are rescued upon introduction of a stathmin transgene, confirming that they are due to lack of Stathmin. To determine whether oocyte determination, differentiation, or maintenance was affected in stathmin mutant germline clusters, we investigated the oocyte marker Orb (Figure 1B) , the meiosis marker C(3)G ( Figure 1D ), the clustering of PLP and, therefore, the centrosomes ( Figure 1F ), and the diploidy of the oocyte by DAPI. Analysis of multiple markers at once showed concerted loss ( Figure 1G ), confirming a complete loss of oocyte fate in stathmin mutant cysts. Oocytes were present in stathmin mutant cysts at early stages, indicating that oocyte fate was properly determined. The Pardependent repolarization within the oocyte in stage 1 also occurred ( Figures 1B and 1G) . Subsequent stages showed a progressive loss of oocyte fate ( Figure 1I ). To determine whether this apparent progressive phenotype was due to an initial perdurance of Stathmin mRNA and protein in mutant cells, we analyzed females with mutant stem cells after ten days of continuous egg laying. Ten percent more egg chambers were without an oocyte at each stage, but most early egg chambers still had an oocyte. Thus Stathmin is not essential for establishment of oocyte fate but is important for its long-term maintenance.
Some stathmin mutant egg chambers maintain oocyte fate until late stages, allowing us to examine the role of Stathmin in late-oocyte polarity. Overall, anterior-posterior polarity of stathmin mutant oocytes was correct (Figures 2A-2F ). Staufen and Oskar were both found at the posterior (Figures 2A and 2B ), and mRNA ( Figures  2C and 2D ) and protein ( Figures 2E and 2F ) of the dorsal determinant Gurken were in the correct location, close to the oocyte nucleus. However, the localization of all markers was considerably less robust in stathmin mutant oocytes (see also Figure S1 in the Supplemental Data available online). This indicates that proper oocyte polarity was established, but polarized transport or anchoring was poorly maintained in the mutant.
The follicular epithelium surrounding the germline cysts is a simple epithelium with a pronounced apicalbasal polarity [14, 15] . The apical compartment (toward the germline cells) can be visualized by markers such as Figure 2G ). At later stages, many stathmin mutant follicle-cell clones lost polarization ( Figure 2H ), by these and other markers. Thus, in both germline and somatic cells, the loss of stathmin affected a specific subset of processes that depend on microtubules, namely maintaining cell or cyst polarity over a longer period. Mouse stathmin mutants are viable with neurological defects as adults [16] [17] [18] . One specific phenotype of the stathmin knockout mouse is a failure to maintain integrity of axons over time [17] , suggesting that long-term maintenance of cellular organization may be a conserved function of Stathmin. The existence of multiple stathmin-like genes in mammals might explain why mouse stathmin is not essential, unlike the Drosophila gene.
To understand the underlying cause of the phenotypes in stathmin mutant cells, we visualized bulk microtubules in situ by immunofluorescent staining with antia-tubulin [19] [20] [21] . In early germline cysts, microtubules are enriched around the fusome and focus into the oocyte ( Figure 3A , arrows). In many stathmin mutant Figure 3B ). These mutant cysts had an oocyte, so this change must be prior to loss of oocyte fate. Microtubules were also strongly reduced in many stathmin mutant follicle cells analyzed at stages 9-10 ( Figures 3D and 3E) . The stathmin mutant follicle-cell clones with overt defects in microtubule organization had delocalized polarity markers (Figure 3E ), whereas those with normal microtubule levels did not, showing that these phenotypes are linked. Moderate decreases in microtubules were sometimes observed without obvious polarity defects. Finding a reduction of microtubules in stathmin mutant cells was surprising because Stathmin is generally considered to be a negative regulator of microtubule polymerization. In no case did we observe an increase in microtubules, although such increases can be observed with this methodology [19, 20] . To determine whether stathmin mutant follicle-cell clones without overt defects ( Figure 3C ) had a normal microtubule cytoskeleton, we challenged egg chambers with cold shock, which destabilizes microtubules. Thirty minutes on ice caused complete depolymerization in all stathmin mutant clones, whereas the adjacent control cells still had ample microtubules (data not shown). Thus even stathmin mutant follicle cells with apparently normal microtubule levels have a less robust microtubule cytoskeleton. To analyze cells with a less severe reduction in Stathmin levels, we induced clones in the growing follicular epithelium. No overt phenotypes were seen, indicating that cells can tolerate significant reductions in Stathmin levels. Microtubules became undetectable after 45 min incubation on ice ( Figure 3F ). When microtubules were allowed to regrow, control cells recovered very quickly (before 2 min, Figure 3G ). stathmin mutant cells did recover to contain normal amounts of microtubules ( Figure 3H ), but it took longer ( Figure S2 ). Thus, this hypomorphic mutant situation revealed an additional phenotype: slower regrowth of bulk microtubules in stathmin mutant cells after depolymerization.
Microtubule defects were observed in stathmin mutant cells prior to the overt polarity defects, supporting the notion that microtubule defects are the cause of the polarity defects. The unexpected finding was that the amount of bulk microtubules was decreased, rather than increased, in stathmin mutant tissue. The absence of Stathmin, the microtubule depolymerizer, might be expected to increase microtubule polymer. The depletion of endogenous Stathmin in newt lung cells with Stathmin antibodies or antisense oligonucleotides resulted in increased microtubule-polymer levels and reduced the catastrophe rate [19] . In K562 erythroleukemic cells [22] , stathmin antisense treatment resulted in an increased ratio of polymerized to nonpolymerized tubulin, but there was no direct evidence of increased polymer. Although our antibody staining allowed for the detection of microtubules in tissues, it did not give information about the amount of soluble tubulin present in the mutant tissues.
To determine the state of tubulin in stathmin mutant tissues, we attempted to measure soluble and polymerized tubulin with a simple biochemical-fractionation approach [5] . Stathmin RNA and protein are provided maternally to the embryo. We therefore used homozygous mutant second-instar larvae and matched heterozygous controls for the following experiments. Larvae were homogenized, and soluble and polymer (pellet) fractions were analyzed for tubulin levels ( Figure S3) . A decrease in the amount of soluble tubulin was seen in stathmin mutant larvae. However, the most striking defect was an apparent decrease in the overall level of tubulin. To investigate this directly, we measured the total level of tubulin in whole extracts from mutant and control larvae with quantitative western blots. The level of tubulin protein was, whether measured relative to actin or to Histone H4, reduced 3-fold in stathmin mutant larvae ( Figures 4A, 4B, and 4D ). An overall decrease in tubulin-protein levels may explain the loss of bulk microtubules in stathmin mutant clones. Interestingly, increased expression of Stathmin resulted in a 3-fold increase in total tubulin-protein levels in whole larvae ( Figure 4C) .
The known biochemical features of Stathmin must be considered in order to understand the phenotypes and the physiological function of Stathmin; where tested, these features also apply to Drosophila Stathmin [7] . Acute Stathmin overexpression promotes microtubule depolymerization. Nonphosphorylated Stathmin binds tubulin heterodimers in a complex; this can sequester tubulin, but Stathmin might also have a more direct effect to promote the catastrophe of microtubules. Stathmin is in many cells a very abundant protein [3, 23] , and this abundance allows sequestration as one model for the catastrophe-promoting effect. A large fraction of 
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expressed Stathmin might be bound to tubulin in resting cells; this has been suggested, for example, by fluorescence-resonance-energy-transfer (FRET) experiments [6] . Finally, phosphorylation of Stathmin is heavily regulated by many signaling pathways [4] . Thus Stathmin can be viewed as a depolymerizing agent inactivated by phosphorylation-but equally well as a protein that releases free tubulin heterodimers upon stimulus, such as phosphorylation ( Figure 4F ). Such an induced release function may be useful in cells that heavily remodel microtubule-based structures-proliferating cells, migrating cells, or neurons-in response to stimuli. How can we reconcile these activities with our analysis of stathmin mutants? Long-term effects of altered microtubule dynamics in the absence of Stathmin might result in collapse of the microtubule network, secondarily affecting tubulin levels. However, decreased tubulinprotein levels were observed in live, moving stathmin mutant larvae, suggesting this is a primary defect. The complementary effect of increased tubulin-protein level when Stathmin was overexpressed also argues for a direct effect. Tubulin-protein levels are tightly regulated in cells. Free a-and b-tubulin negatively autoregulate their own synthesis with multiple posttranscriptional mechanisms [8] [9] [10] . Inhibition of tubulin accumulation is observed if either the total soluble-tubulin level is elevated (induced by depolymerization) or subunits are not in balance (induced by overexpression). In principle, loss of a depolymerizing factor should lead to less free tubulin and thus boost overall tubulin expression levels. We observe the opposite in stathmin mutant animals. However, the phenotypes can be explained if free tubulin dimers, but not tubulin-Stathmin complexes, induce negative autoregulation ( Figure 4F ). The absence of Stathmin would progressively lead to a reduction of tubulin levels because none of the soluble tubulin is buffered in a protected tubulin-Stathmin complex. This would eventually result in a slower regrowth ability and finally the loss of microtubule structures, consistent with our observations. The best-characterized mechanism for negative autoregulation of tubulin is that of free b-tubulin causing degradation of its mRNA [9] . We quantified levels of mRNA and primary transcript for the major a-and btubulin genes and observed decreased tubulin mRNA levels in stathmin mutant larvae with no significant change in primary-transcript levels ( Figure 4E ). This is consistent with an effect on a-and b-tubulin mRNA decay. The corresponding decrease in tubulin-protein levels observed in stathmin mutant ovaries may be regulated differently ( Figure S4 ). Just as tubulin autoregulation in hepatocytes appears to differ from that in fibroblasts [8] , there may be multiple mechanisms for tubulin autoregulation in vivo, depending on the tissue. 

